INTRODUCTION
The social structure of a population can have important demographic consequences. Population structure (e.g., the stable age distribution) appears in classical demography as a consequence of the birth and death rates. In social animals, however, population structure may be a cause, as well as a consequence, of the vital rates. The caste structure of an ant colony, the distribution of harem sizes in a band of baboons, or the presence of helpers in a family of Scrub Jays may be important determinants of the rate of increase of the colony, the band, or the family. One way to document the effects of social structure is to compare the demography of groups with different compositions. This is the approach we have taken to study the demographic consequences of social structure in killer whales.
Killer whales (Orcinus orca; Odontoceti, Delphinidae) are marine mammals of cosmopolitan distribution that live in well-defined social groups, or "pods." Their life history has been summarized by Bigg et al. (1990) and Olesiuk et al. (1990) . They are long-lived, with estimated maximum ages of 80-90 yr for females ductive females, of course, make no direct contribution to population growth (i.e., have zero reproductive value). However, it has been suggested that post-reproductive female cetaceans may play an important social role by nurturing other females' young and creating a matriarchal bonding system. They may also contribute to the success of their group by remembering habitat uses in a complex environment (Norris and Pryor 1991) .
A typical killer whale pod contains mature females and their young (one to three juveniles per female) and variable proportions of males and/or post-reproductive females. The 18 pods in this study contain between 5 and 63 individuals (Appendix), and a similar range is reported in other regions of the world (Hall 1986 , Katona et al. 1988 , Oien 1988 [1990] for case studies of other species), this study is unique in its duration and in having followed all individuals in the population. It provides an invaluable resource for the demographic analysis of a long-lived marine mammal.
In their study Bigg and his colleagues identified two resident sub-populations (Bigg 1982 There may also be unknown environmental differences between the northern and southern regions.
Olesiuk et al. (1990) used age-specific life tables and a two-sex, age-classified matrix model to estimate the rate of increase, stable age distribution, and reproductive value of the entire population. They also examined the sensitivity of population growth rate by numerical methods. Our goal is to extend the demographic analysis to the pod level. Because pods are permanent social elements in this species, pod structure might have important effects on the vital rates, and hence on population growth. It is impossible to use age-classified models at the pod level, because pods contain too few individuals to allow estimation of the necessary parameters. Therefore we used a stage-structured model, based on a set of natural stages in the life cycle: yearlings, juveniles, reproductive adults, and post-reproductive adults. This simplification sacrifices some precision compared to a detailed age-specific model, but allows us to examine the demography of individual pods. Comparison of our results for the total population with those of Olesiuk et al. (1990) suggests that the loss of precision is not great.
We begin by describing the model, the data set, and the methods and results for the parameterization and analysis of the model. We then apply the model to the entire population to obtain a demographic characterization of the killer whale (population growth rate, stable stage distribution, reproductive value, sensitivity, and elasticity), and compare our results with those of Olesiuk et al. (1990) . Next we use the model to examine demographic differences between sub-populations and among pods, testing for statistical significance using randomization methods. Finally, we discuss the implications of our results for killer whale biology and management.
THE MATRIX MODEL
Our model describes the dynamics of the female portion of the population. We divided the population into four biologically defined stages: (1) yearlings (individuals in the first year of life), (2) juveniles (past the first year but not mature), (3) mature females, and (4) post-reproductive females. Age at maturity was defined by the first observation of an accompanying calf. Onset of the post-reproductive stage was defined retrospectively. If a female is not observed with a calf for 10 yr, she is considered to have become post-reproductive at the beginning of that 10-yr interval.
The model is of the form:
where n(t) is a vector giving the numbers in each stage in the population at time t, and A is a population projection matrix ( For our study, we used the following information:
1) The observed year of birth for individuals born during the study, and the estimated year of birth for others;
2) The estimated year at maturity, defined as birth of the first calf;
3) The estimated year at onset of the post-reproductive stage;
4) The observed year at death or disappearance; 5) The sex of each individual, although the sex of juveniles was not always known; and 6) The total number of female calves observed with a female during the study. All calves of unknown sex were counted as 0.5 female.
Although our model describes the demography of females, we used data on males in two ways. Newborn individuals of unknown sex were assumed to be 50% female, and we used data from males and individuals of unknown sex to estimate juvenile survival. Thus we assumed that juvenile survivorship was equal for males and females, which appears to be borne out by information on sex ratio at maturity .
Parameterizing the matrix model ( Fig. 1) , for the population, sub-population, or pod, requires estimates of mn, a,, and ry, from the appropriate group of individuals. We estimated each of these parameters as a ratio of events (births, deaths, maturation) to exposure, where the exposure (in units of individual-years) was obtained from the records of individual whales.
The mean offspring production (mz) was estimated as the ratio of the number of female offspring produced by the group to the number of female-years of exposure during the study. The exposure of an individual was defined as the time period over which that individual was both included in the study and a reproductive adult. For example, an individual who was mature at the beginning of the study and still alive and reproductive at the end of the study was exposed for the entire duration of the study. An individual that became mature during the study and disappeared 3 yr later was exposed for only 3 yr.
The survival The growth probabilities (yi) were calculated as the reciprocals of the mean stage durations. Because the yearling stage is defined to last exactly 1 yr, y, = 1. The juvenile growth probability (72) is the reciprocal of the mean length of the juvenile period among those individuals that had a first calf during the study. The duration of the adult stage had to be calculated in an indirect fashion because of the long life-span of the species. It was estimated as the difference between the mean age at onset of the post-reproductive period and the sum of the mean durations of the juvenile and yearling stages. The transition probability (-3) from the adult to the post-reproductive stage is the reciprocal of this duration.
These calculations were carried out for the entire population, for the northern and southern sub-populations, and for each pod individually. Because of the small size of some pods, some parameters were not estimable (e.g., it is impossible to estimate the duration of the adult stage if a pod contains no postreproductive individuals). Our protocol was to use the overall population values for any parameter that could not be estimated for the pod in question. This is a conservative procedure, relative to among-pod demographic differences, since it biases the vital rates toward the population mean.
The estimated parameters for the entire population are The elasticities sum to 1, and give the proportional contributions of the matrix elements to X. Simple application of the chain rule permits calculation of the sensitivity and elasticity of X to lower-level parameters that determine the values of the a,1, such as o>, yi, and mn. We used a bootstrap resampling procedure to construct confidence intervals for X and r (Efron 1982 , Meyer et al. 1986 , Caswell 1989a ), using the percentile method (Efron and Tibshirani 1986, Caswell 1989a: 192 ) with a bootstrap sample size of 1000. (Because the bootstrap estimates are very nearly median unbiased, this gives essentially the same results as the biasadjusted percentile method.) The resampling unit was an individual record from a set describing a population, a sub-population, or a pod, depending on the level of analysis.
The population projection matrix for the entire population yields a growth rate of X = 1.0254 (r = 0.0251). The bootstrap estimates of X and r, with their 90% confidence intervals are Rate 
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These matrices give the sensitivity and elasticity of X to changes in the entries of the population projection matrix. Because those entries may depend on both growth and survival, we also calculated the sensitivities and elasticities of X to changes in the lower-level demographic parameters (see Table 1 ).
SUB-POPULATION AND INTER-POD DIFFERENCES
We turn now to the analysis of demographic differences between the northern and southern sub-populations, and among the pods. We want to test the sta- [1991] for a demographic application). Although both involve resampling of the data, randomization methods for significance tests should not be confused with bootstrap methods for estimating confidence intervals. The logic of randomization tests is as follows. Consider the two sub-populations. The observed assortment of individuals into these sub-populations produces an observed difference A\X in growth rate. This difference might reflect real environmental or structural differences between the sub-populations. Alternatively, the sub-populations might differ only because their members represent sub-samples of the entire population. Under this null hypothesis the life experience of each individual is independent of which sub-population it belongs to. If we examine all possible permutations of individuals into the two sub-populations, and calculate AX\ for each, we obtain the distribution of AX under the null hypothesis. The fraction of these permutations in which zAX exceeds the observed difference gives the probability of obtaining such a large difference, under the null hypothesis. If this probability is small, we reject the null hypothesis. Since the total number of permutations is enormous, we settled instead for a random sample of 1000 permutations (generated using Algorithm P of Knuth [1981] ). Note that randomization tests require neither distributional assumptions nor the assumption that the data were obtained by random sampling (Edgington 1980, Manly 1991).
As just described, the randomization procedure yields a one-tailed test; since we have no reason to predict that one sub-population is growing faster than the other, we used a two-tailed test based on the absolute value of zAX. To obtain more detailed information on differences, we repeated our randomization tests, randomizing only females, only males, and only juveniles of unknown sex. Suppose, for example, that group structure affects the vital rates of females, but that males and individuals of unknown sex follow the null hypothesis. Then randomizing females (leaving males and unknowns in their original pods) will destroy the pattern, and the observed difference will appear unusually large relative to the null hypothesis. In contrast, randomizing either males or unknowns will have little effect and the observed variance will not appear significantly large. Thus, by comparing the results of randomizing females, males, and unknowns separately, we can test for demographic differences affecting these groups. However, in this case none of the randomizations yielded a significant result: We can look more closely at this small difference in X by decomposing it into contributions from the differences in the matrix elements (Caswell 1989b 
Sub-population comparisons
where Aaj is the difference in ai, between the two subpopulations (southern minus northern). Each term in the summation represents the contribution of a vital rate difference to AX. The matrix of these contributions is The difference between the predicted and observed structures is nonsignificant for the southern subpopulation (X2 = 0.6598, df = 3, P = .8826), but highly significant for the northern subpopulation (x2 = 15.17, df = 3, P = .0017). This is strange, because the northern population exhibited more consistent exponential growth than the southern population during the course of this study ), so we should expect the stage distribution to be closer to stable. However, most of the deviation of the northern population is due to a deficiency in post-reproductive females in the observed structure. This deficiency contributes to the x2 statistic, but because these females have zero reproductive value, the deficiency will not affect the dynamics of the population. A separate test on the first three stages, which do affect population dynamics, was done by recalculating a predicted age structure for these stages only. This test shows that the observed and predicted structures agree almost perfectly (X2 = 0.0456, df= 2, P = .9774).
Inter-pod comparisons
The elements of the pod-specific projection matrices are given in the Appendix. The resulting r values and confidence intervals are given in Table 2 .
We quantified the differences among the pods by the observed variance in the growth rate, X. This variance should reflect differences among pods in the external environment and in social structure. The null hypoth- esis is that it reflects only sampling variation. The situation is analogous to deciding, in analysis of variance, whether the variance between treatments is more than to be expected on the basis of the variance within treatments. To test the null hypothesis, we randomly permuted individuals among pods (maintaining observed pod sizes) and calculated the resulting inter-pod variance in X for each permutation. The probability of the observed variance, given the null hypothesis, was estimated as the fraction of the random permutations that produced a variance greater than or equal to the observed one. Because there is no significant difference between the sub-populations, we do not distinguish sub-populations in this test. We used the same four randomization categories as in the previous section. The probability levels resulting from our various randomization tests were Clearly, the variance in X among pods is not significantly greater than that expected under the null hypothesis of random assortment of individuals among pods. A possible explanation is that variation in the vital rates might fail to appear as variance in X because of patterns of correlation among the rates. To test this possibility, we conducted a multivariate randomization test on the vital rates themselves. The test works as follows. For each pod i we defined a vector-valued observation xi, composed of the non-zero entries of 
where x is the mean of xi. The magnitude of this variation is measured by the "generalized variance" (Anderson 1958), given by the square of the determinant of the covariance matrix C (we actually used the square root of the generalized variance, a sort of generalized standard deviation). The randomization test proceeded as in the previous cases; we rejected the null hypothesis if the observed generalized variance was significantly large compared to the randomization distribution. Thus, we found no evidence for significant inter-pod differences in demography at either the level of the vital rates or at the level of population growth rate.
The decomposition of inter-pod variance in X
Although the inter-pod variance in growth rate cannot be distinguished from that resulting from the assortment of individuals among pods, we can nevertheless ask how the variance is produced. The question is the random-effects analogue of the decomposition analysis of fixed treatments in Caswell (1 989b), which we used above for the comparison of the two subpopulations. Here we want to know how much the variance in each vital rate-and the covariance between each pair of vital rates -contributes to the overall variance in X. This requires both the variance-covariance structure of the vital rates and the sensitivity analysis of X, because a particular vital rate may make a small contribution either because it does not vary much or because X is insensitive to its variation. Again, we denote by x, a vector containing all the elements of the matrix for pod i, and by C the covariance matrix of the x. Let s denote a vector of sensitivities evaluated at the mean matrix; i.e., a X Si = ax, (Fig. 3) . Almost all of the variance in X is due to variance in adult fertility. Ecology, Vol. 74, No. 5
DISCUSSION

General demographic results
The picture of killer whale demography revealed by these analyses is of a population with a small but significantly positive rate of increase (-2.5% per year). The female stable stage distribution contains 4% yearlings, and about equal proportions of juveniles, reproductives, and post-reproductives. The observed growth rate and stage distribution are not significantly different from these predictions.
Our elasticity analysis indicates that population growth rate is most sensitive to changes in adult survival (as is typical for long-lived species; e.g., Goodman 1981, Crouse et al. 1987 , Trites 1989 ). Juvenile survival is the next most important, followed (an order of magnitude less) by fertility. Here our conclusions disagree with those of Olesiuk et al. (1990) , who present their analysis in terms of adult mortality rather than survival, and conclude that growth rate is very insensitive to changes in mortality. The difference in interpretation is a result of the very low mortality rateand consequent high survival probability-in this population. Perturbations expressed as proportional changes in a number close to zero (i.e., mortality) produce very small effects on the growth rate, X. Perturbations expressed as proportions of a number close to one (i.e., survival) produce large effects on X. Both conclusions are correct analytically, but which is relevant biologically?
It is perhaps an open question whether mortality or survival is more biologically fundamental. Optimists and pessimists may disagree on the matter. However, considering the number of deaths per unit of time may help clarify the issue. The adult survival and mortality rates are o3 = 0.9986 and p3 = 0.00 14, respectively. In a population of 100 adults, this implies 0.14 deaths/yr. Suppose that some environmental perturbation kills one adult every other year. This corresponds to a reduction in survival probability of 0.36%, but a 358% increase in mortality rate. Clearly, calculations based on small proportional changes in survival correspond to enormous changes in mortality. A small proportional change in mortality would produce indetectable numbers of additional deaths. If the purpose of the analysis is to shed light on the results of small but detectable perturbations, the survival elasticities are the most relevant results.
In cases like this it is helpful to consider sensitivities as well as elasticities. When perturbations are measured on an incremental rather than a proportional scale, X is still most sensitive to changes in o-,, and the effect of changes in W3 is identical, but opposite in sign. Thus, we conclude that management plans for killer whales should pay attention to factors that might cause even small changes in survival probabilities, because these changes will have a large impact on population growth. Changes in calf production (m-) are also important, and should certainly not be ignored.
Sub-population and inter-pod comparisons
We found surprisingly little demographic differentiation at either the subpopulation or the pod level. The two subpopulations differ in fertility (southern > northern), adult survival (southern > northern) and juvenile survival (northern > southern), but the contributions of these differences to X nearly cancel each other. The resulting difference in X is not significant; in fact it is smaller than expected on the basis of the null hypothesis. At the pod level, X varies from 0.9949 through 1.0498 (Table 2 ), but this variation is not significantly greater than would be expected on the basis of the null hypothesis.
Thus, we can find no significant demographic effects of pod size, social structure, or environmental variation. This could reflect a lack of variation in pod size and social structure, but the observed variable proportions of males, females, juveniles, adults, and postreproductives ) makes this seem unlikely. A second possibility is the existence of some factor constraining the vital rates within a small range. Density dependence might act in this way; if these populations were at a stable equilibrium, their rates of increase would be restricted to a narrow range around X = 1, and it would not be surprising to find an approximate balance between contributions from survival and fertility differences. Although all but one of the estimated rates of increase are > 1, and only 5 of the 18 confidence intervals include 1, which might argue against a density-dependent equilibrium, the possible role of density dependence warrants further investigation.
Another possibility is that our tests lack sufficient power to reject the null hypothesis even though it is false. We have no information about the power of our specific tests, but the power of randomization tests in general equals that of the corresponding parametric tests when the assumptions of both are met (Manly 1991) . Randomization tests are more powerful when, as in this case, the assumptions of the parametric tests would be violated.
The variance in pod-specific rates of increase is primarily due to variance in fertility (Fig. 3) . This results from a combination of the sensitivity of X to fertility and the amount of variation in fertility. Population growth rate is more sensitive to changes in other parameters, particularly adult survival probability, 0-3, but these parameters vary less among pods. Thus, attempts to explain the variation in X should focus on factors affecting reproduction.
Methodology
Our stage-classified analysis complements the ageclassified analysis of Olesiuk et al. (1990) . Ideally, we would have enough data to construct age-specific life tables for each pod. However, this is impossible, because most age classes were not represented within each pod. Accordingly, we sacrificed precision in the description of population structure (4 stages vs. 90 age classes) in return for the ability to conduct pod-specific analyses.
Ir spite of the simplicity of our model, our estimates of X and reproductive value for the whole population agree with those of Olesiuk et al. (1990) , and our stable stage distribution agrees with the mean observed stage distribution. Our model thus appears to capture the major events of the killer whale's life history, with fewer parameters to estimate.
Stage-structured models are less dependent on the precision of age estimates, since the model categories are not based on age. This is important in longitudinal studies of long-lived organisms, where the ages of individuals born before the start of the study must be estimated. However, the timing of certain events, such as female maturation and reproductive senescence, is still critical for our model. The age at maturity may be overestimated, even for a known-age female, if a first-born calf dies before being observed. This was hopefully minimized because the observation period coincided with the main calving period.
Detecting reproductive senescence is more difficult. We have followed Bigg and Olesiuk in using an a posteriori definition of senescence, but this can misclassify individuals. Declaring an individual senescent after 10 yr without reproduction, in a 15-yr study, will obviously underestimate senescence and overestimate the length of the reproductive period. The 10-yr criterion was based on the observation that calving intervals rarely exceed 10 yr. A possible improvement to our model would be to include a distribution of calving intervals (cf. Barlow 1990), so that senescence can be defined less arbitrarily.
Final remarks
Long-term longitudinal studies like this one are crucial for understanding the population dynamics of longlived organisms. They provide information on survival without relying on assumptions about the age distribution. They yield data on individual reproductive histories (cf. Clutton-Brock 1988) that cannot be obtained without identification of individuals. They provide information on social structure and interactions unavailable in cross-sectional studies (e.g., Wells 1991). Because they do not rely on destructive sampling, they are particularly suitable for endangered species. The value of longitudinal studies increases nonlinearly with their length; we hope that this one will continue.
